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Origin and Nature of the Acquired Pellicle by W G Armstrong MSC PhD (Biochemistry Department, Royal Dental School, London) Interest in the organic integuments associated with the tooth enamel surface has had a long and illustrious history, ranging from Nasmyth (1839) who first described as 'the persistent dental capsule' the structure which now bears his name, to T H Huxley (1853) , W D Miller (1890) , Gottlieb (1921) , von Korff (1930) and Kronfeld (1930) . Nearer today we find the names of Vallotton (1944) , Darling (1943) and Rushton (1954) heading important contributions. More recently, the work ofTurner (1958) , Schule (1961) , McDougall (1963) , Meckel (1965) and Leach (1967a) has contributed to our knowledge.
One source of confusion, stemming from earlier days, was the lack of distinction between structures of developmental origin and those associated with erupted teeth. Some thirty different names have been assigned to these structures by various authors and it is to the credit of Dawes et al. (1963) that they attempted a clarification of the confused nomenclature, reducing the terminology to six. First, they classified the organic integuments associated with the enamel surface into two main divisions: (1) Structures of embryological origin.
(2) Structures acquired after eruption. The first category includes the acellular and cellular layers of Nasmyth's membrane, termed primary enamel cuticle and reduced enamel epithelium respectively. The second category includes the structures defined by them as food debris, calculus, dental plaque and the acquired pellicle. Collection andPreparation ofAcquiredPellicles Dawes et al. (1963) described the acquired pellicle as a structureless and essentially bacteria-free film, only deposited post-eruptively after the loss of the integuments of embryological origin. It is distinguished from plaque which is defined as a soft concentrated mass mainly composed of bacterial cells of varying types and morphology. Plaque may be prevented from forming and also removed by toothbrushing with non-abrasive material. However, dental prophylaxis using abrasives is necessary for the removal of the pellicle layer and exposure of the underlying enamel prisms and crystallites. Plaque may also be recognized clinically by using a disclosing solution, such as a basic fuchsin preparation which stains plaque deep red. Such properties form the basis of techniques for distinguishing and collecting pellicles for examination and analysis.
Extracted sound teeth are collected and stored until required. Whilst some workers routinely keep the extracted teeth in fixatives, such as formol-saline, we prefer to place them, immediately post-extraction, into tubes packed in solid CO2 (-78°C) in Dewar flasks; subsequently the teeth are stored in deep freeze at -20°C. In preparing the stored extracted teeth for pellicle collection they are first washed under a running tap; this removes food debris but not plaque. A disclosing solution (1 % basic fuchsin in 5 % ethanol) will then show the extent of plaque as bright red areas. In preparing the teeth, we also routinely remove all calculus and soft tissue in the cervical regions. If the enamel surfaces are now vigorously and extensively scrubbed with a tooth or nail brush, using a detergent or soap, the plaque layer is removed and the enamel surface left covered by the pellicle layer. To detach the pellicle it is necessary first to immerse the tooth crown in a decalcifying solutionusually in 5 % HCI for ten minutes. The pellicle layer then begins to lift away and, aided by small glass knives or scalpels, it is possible gently to tease away and remove a diaphanous, cuticular structure from the enamel surfacethe acquired pellicle.
Histology and Histochemistry Within the last three decades several investigators have reported on the histological and histochemical properties of the acquired pellicle. In 1944, Vallotton had shown that the structureless and relatively bacteria-free pigmented 'brown pellicle' was keratin-like, both in staining reactions and in its resistance to solution except by hot concentrated acids and oxidizing agents. Nevertheless the structure was considered to be mucoproteinaceous in origin, possibly altered by bacterial action. Turner (1958) , using biochemical spot test techniques, found that pellicle contained significant amounts of both protein and carbohydrate components. The structure also gave a positive periodic acid-Schiff (PAS) reaction, indicating that it probably was mucoproteinaceous in character. McDougall (1963) contributed some fundamental observations with a histological and histochemical study of early pellicle and plaque formation, in vivo. Sound teeth, due for extraction, were first subjected to a prophylaxis by removing all surface integuments; they were then extracted at regular intervals from 1 to 14 days following this treatment and examined. His work indicated that the formation of enamel surface organic films occurred in the chronological sequence illustrated in Fig 1. In Stage I a thin structureless acquired cuticle (C) forms over the whole enamel surface (ES), in association in most areas with an overlying relatively bacteria-free matrix, the immature plaque (IP). The latter is usually 1 to 3 ,u thick but occasionally may be as much as 15 ,. Both these structures formed within twenty-four hours. In Stage It mature plaque (MP) is formed. Bacteria, either associated with enamel surface wedge defects (W) or lying along the cuticle surface, rapidly proliferate within the IP to form a dense pad of bacteria embedded in a homogeneous matrix. This mature plaque forms within two to three days. Histochemical staining reactions indicated that the acquired cuticle (C) was indistinguishable from the overlying IP. also suggested that the formation of both cuticle and immature plaque derived from enzymatically altered salivary mucoproteins. Meckel (1965) reported the results of an electron microscope examination of these structures which revealed a more complex fine detail than had previously been supposed. He distinguished 4 types of organic film formed post-eruptively on the tooth surfaces: (1) A dendritic network of fine fibrils extending to a depth of 1 to 3 ,u below the enamel surface, a structure not previously described, termed the sub-surface cuticle. (2) A thin, 02 , thick surface cuticle zone. (3) A stained pellicle of 1 to 10 ,u thickness, above the surface cuticle. (4) The plaque, bacterial cells embedded in a homogeneous matrix, 5 to 200 , thick. There was electron microscope and electrondiffraction evidence that the latter two structures were partially calcified by hydroxyapatite crystals. Meckel's histochemical investigations on these organic films also led him to conclude that they were probably formed from modified salivary mucoproteins. Examination of organic films formed on enamel squares, carried on dentures in the mouth for ten days, showed the presence of sub-surface cuticle, surface cuticle and plaque, but not pellicle. Pellicle only formed artificially in vivo on enamel surfaces that had been attached to a denture for 215 days. Thus pellicles were structures which only developed over lengthy periods of time.
Meckel was least certain about the nature and origin of the pellicle. He suggested that it might arise from successive accumulations of surface cuticles but also made the interesting alternative suggestion that it derived from an old denatured plaque layer which had become structureless due to lysis of its bacteria. Glimcher et al. (1964) , investigated the cementum-like layer on the enamel surfaces of ungulate teeth and chemically identified it as collagen. The presence of a similar collagenous layer covering the crown of unerupted permanent human teeth was reported ) and, in a reference to a thesis by Rodriguez (1963) , they suggested that some of this structure might persist on areas of the tooth surface long after eruption. Hodson (1966 Hodson ( , 1967 , in an extensive histological reinvestigation of Gottlieb's cuticula dentis, has suggested that, far from being a keratinous structure of epithelial origin, it may be derived from denatured hkmoglobin protein. It is conceivable, though unlikely, that parts of such a structure could be included in pooled pellicle preparations.
Chemical Composition
Whilst the evidence available favoured mostly a salivary mucoproteinaceous origin for these post- eruptive integuments, there was also evidence, cited above, that they might derive partly or wholly from keratinous, collagenous and/or hematogenous material; furthermore it was not impossible that the structures, as collected, might include elements from the enamel matrix. It was with this uncertain background in mind that a quantitative analysis of the structure was undertaken in an attempt to clarify its exact nature. Pellicle was collected in the manner described above and then hydrolysed with 6 N acid in sealed tubes for twenty-four hours. The hydrolysate constituents were identified and assayed using a Technicon Amino Acid Analyser. The analyses obtained were then compared with those of various substances from which the pellicle structures could have been derived. On the basis of such comparisons it was possible to eliminate some of the possibilities and to obtain finite indications as to its origin and nature on chemical grounds (Armstrong 1966 (Armstrong , 1967 . The results obtained from hydrolysates of four pooled pellicle preparations are shown in Fig 2. There is good agreement between the separate preparations, indicating that whatever the nature of pelliclewhether homogeneous or heterogeneous in originit possesses a characteristic and reproducible composition. Distinctive features are the high acidic amino-acid levels, particularly the glutamic acid content. The alanine level is also significantly high.
The results show that pellicle is not keratin-like in composition. A low content of sulphurcontaining amino acids (cystine and methionine) is observable, giving a low overall sulphur content of less than 0-25 % for pellicle. This feature suggests that the structure is probably not keratinous, since many keratins are characterized by high cystine levels with a corresponding high protein sulphur content. Also, 'soft' keratins of epithelial origin which have low sulphur contents, such as epidermin, are characterized by high serine levels and a high glycine to alanine ratio, features which are the obverse of those observed in the pellicle analyses.
The amino acids hydroxyproline and hydroxylysine are virtually unique to the collagen group of proteins and their absence excludes the possibility that there were inclusions of collagenous elements in the pellicle preparations analysed, an eventuality inferred by some of Rodriguez's work (1963) . Small quantities of hydroxylysine and hydroxyproline also appear in enamel protein and their absence in the hydrolysates suggests that the pellicle preparations do not include enamel protein material. Apart from this consideration the actual amino acid compositional profiles for feetal and adult enamel proteins do not resemble these pellicle amino-acid profiles (Eastoe 1963 , Piez 1962 . Similar considerations miake it unlikely that hemoglobin-like material is included in the structures analysed.
Other important features of these pellicle analyses were the presence of significant quantities of hexosamine (3-4 %) and the fact that only some 45 % of the total structure was accounted for as amino acids. Carbohydrate analyses confirmed the presence of large amounts of carbohydrate in pellicle. Since such features are also those found in mucoproteins and since there was the likelihood that salivary mucoproteins could be involved in pellicle formation, comparative analyses were next made with specific salivary protein preparations.
First, a comparison was made with a cannulated parotid salivary protein preparation but the results indicated great dissimilarity to the pellicle hydrolysates. In particular the parotid protein molecules were approximately one-third prolinea feature also observed by Mandel et al. (1965) . On the basis of such comparisons it was concluded that pellicle was unlikely to include material from parotid gland secretions.
Comparisons were next made with mucin preparations prepared by either 1 % cetrimide (cetyltrimethylammonium bromide) or acetic acid precipitation, from ducted submandibular secretions or whole saliva. Analytically all these precipitated mucin preparations proved to be equivalent. Their amino-acid composition profiles showed a fairly close similarity to the pllicle analyses, suggesting a possible affinity, but there were still notable differences. In particular, pellicle contained nearly twice the alanine level found in precipitated submandibular gland mucin and significantly more glutamic acid and ornithine.
Conversely, there was more threonine, serine and glucosamine in the mucin hydrolysates. A distinctive feature of the pellicle analyses, which turned out to be of considerable importance, was the consistent presence of two characteristic unknown components in pellicle hydrolysate chromatograms. One unknown appeared as a peak between the serine and glutamic acid peaks and, by reference to published data and the addition of synthetic samples to duplicate pllicle hydrolysates, it was possible to identify the unknown as muramic acid.
Muramic acid is the lactyl ether of glucosamine (3-0-carboxyethyl-D-glucosamine). It is specific to bacterial cell walls and its occurrence therefore conclusively demonstrates the presence of bacterial cell wall material in the pellicle preparations examined. The position of the other unknown in pellicle chromatograms, which followed the leucine peak, has recently been identified as diaminopimelic acid using a similar procedure to that used for murainic acid. Like muramic acid, diaminopimelic acid is a characteristic component of bacterial cell walls.
These results therefore indicated the presence of bacterial cell wall material in pellicle. This was supported by the observed high alanine and glutamic acid levels in pellicle, since these amino acids are major components of bacterial cell walls. An interpretation of the actual pellicle amino-acid levels measured was attempted on this basis. Data on the amino-acid composition of cell walls of a streptococcal strain (Salton 1964) was recalculated as residues/1,003 and compared with the mucin and pellicle analyses. The results are shown in Fig 3. It can be seen that almost invariably the pellicle amino-acid levels fall at some point between those of the cell wall and mucin levels. This intermediate type composition for pellicle is such as would be anticipated from a mixture of bacterial material and salivary mucoproteins.
Electron Microscope Examination
The analytical results described above indicated that the acid-floated pellicle preparations examined were probably some complex of mucoproteinaceous material of submandibular gland origin with embedded or attached bacterial elements. Such a possibility was consistent with Meckel's proposal, described above, that pellicle might be a cuticular layer of old plaque which had become structureless due to lysis of its bacteria. Accordingly, it was decided to examine the material analysed under the electron microscope, which was undertaken in collaboration with Dr A F Hayward, of the Royal Dental School, to whom I am indebted for his interest in this work.
Gram-staining of randomly selected pellicle specimens showed them to consist of sheet-like structures, some with areas apparently completely free of any micro-organisms but usually with a very sparse distribution of coccal forms. Small clonal patches of bacteria could be observed occasionally, usually no more than one cell layer in thickness. Often the pellicle sheets showed a buccal surface of mandibular molar. SSC, sub-surface distinctive honeycomb appearance with the diameter of the empty 'cells' approximately 1 , across.
For the electron microscope work the method of pellicle preparation differed only in that the demineralization stage was effected by standing the tooth in 20% EDTA at pH 7 3, for periods of two to eight weeks. By collecting teeth at -78°C, storing at -20°C, and using an EDTA demineralization step, it was considered that the structural features would be best preserved with minimum distortion or alteration. Tne pellicles were osmicated and embedded in Araldite for thin sectioning. Fig 4 shows the typical appearance of the structures analysed, as seen under the electron microscope. The sub-surface dendritic processes (SSC) described by Meckel (1965) are observed but a surface cuticle zone is not delineated. The scalloped edge of the pellicle surface is a characteristic feature in our preparations, with bacterial cell walls and debris present in the recesses. These features are also illustrated, at lower magnification, in Fig 5, which shows bacteria, cell walls, fragments and debris embedded in the scalloped recesses throughout the length of the pellicle matrix. The more electron dense elements in the lower half of the electron micrograph are enamel crystallites left in the partially demineralized section.
It is considered that the scalloped recesses, shown in transverse section in Figs 4 and 5, account for the honeycomb appearance observed in Gram-stained pellicle preparations: in both instances the diameters approximate to those of bacterial cells. In Fig 5 thick, is shown, firmly attached to the partially demineralized enamel surface, with a regular distribution of bacterial cell wall fragments and ghosts adhering along its length. It will be recalled that McDougall observed (see Fig 1) that one source of infection in the change from immature plaque (IP) to mature plaque (MP) was from a layer of bacterial cells lying along the cuticle (C) surface. Possibly Fig 7 pictures the graveyard of the organisms that were originally involved in this transition process.
In Fig 8 a pocket of thicker pellicle, with embedded bacterial cell wall elements, may be observed in a recess on the enamel surface approximately 3-5 p in diameter. It may be that this corresponds to one of the enamel surface wedge defects stated by McDougall to be the other main focal source of infection in the change from immature plaque to mature plaque (Fig 1) . Also in Fig 8 may be observed a thin cuticle (SC) on the surface, without attached or embedded microorganisms, which presumably corresponds to Meckel's surface cuticle. Running down from the pellicle, between the surface enamel crystallites, are strands which are probably the subsurface cuticle dendritic fibrils previously seen in the electron micrographs, Figs 4-6. These electron microscope observations therefore confirm the interpretation of the amino-acid analyses of pellicle, that it is amixture of bacterial fragments and a matrix component which, for compositional reasons discussed earlier, is considered to be derived from submandibular mucin secretion.
Discussion
The evidence presented above supports the view that acquired pellicle is a complex of a salivary mucoproteinaceous matrix of submandibular gland origin intimately associated with embedded bacterial cell wall elements and lysed bacterial matter. This hypothesis accordswith McDougall's observations (1963) on early pellicle and plaque formation, which suggested that modified salivary mucoprotein is first laid down on the enamel surface (cuticle, C, and immature plaque, IP, in Fig 1) , which then becomes rapidly infected by micro-organisms to form mature plaque (MP). This is also consistent with Meckel's observations (1965) that pellicle may represent a layer of older plaque material.
It seems likely that McDougall's acquired cuticle, described on the basis of his light micro-scop2 observations, corresponds to the surface cuticle and sub-surface cuticle structures described by Meckel in his electron microscope studies. Mature plaque formed in the early stages will subsequently become overlaid with more plaque material, but will itself constitute the oldest plaque substance on the tooth surface. Its constituent micro-organisms will eventually become moribund and lysed and the whole structure will then correspond to the denatured plaque layer suggested by Meckel as one possible explanation of the nature of the pellicle layer. This is only found on enamel surfaces exposed to the oral environment for lengthy periods. Furthermore, there is evidence from both Meckel (1965) and Leach & Saxton (1966) that pellicle becomes calcified to some extent, which may contribute to its stability as a structure and may also account for its tenacious attachment to the tooth surface: this is loosened only by its demineralization and that of the enamel, so releasing it and the subsurface fibrils from their root-like association with the surface enamel crystallites. The above account of the origin and nature of acquired pellicle is not in complete accord with all recently published work in this field. The scalloped edge appearance of pellicle, characteristic of our preparations, does not coincide entirely with the observations of other workers. Both Meckel (1965) and Leach & Saxton (1966) show electron micrographs of pellicle as a parallel-sided structure, apparently free of bacterial components. Conversely, in our preparations embedded bacterial cell wall material is invariably present. It may be that these differences derive from alternative methods used in the collection, storage and demineralization: there is evidence that prolonged storage in 50 % ethanol can cause shrinkage of the pellicle to a parallel-sided structure and demineralization with acid rather than EDTA apparently causes some distortion and denaturation.
Pellicle is by definition 'relatively bacteria-free' (Dawes et al. 1963 ) but this criterion is based on observations made on Gram-stained material. Positive Gram-staining is dependent upon the mechanical and chemical integrity of the bacterial cell wall (Salton 1964) and is also related to the growth phase and viable state of the organisms.
If, as our observations indicate, pellicle contains quantities of dead and lysed bacteria, then Gramstaining of the stiucture will not give positive results. Nevertheless, the structure will still contain considerable quantities of bacterial cell wall material and debris. On these grounds it is suggested that the earlier definition may require modification. Leach & Saxton (1966) and Leach (1967a) hold the view that, apart from being a bacteria-free film on the enamel surface, pellicle is a structure formed from some unmodified mucoprotein component in saliva. There is evidence that organic surface integuments can fortm on the teeth of germ-free hamsters (Fitzgerald, personal communication) and Hay (1967) has demonstrated that specific human salivary protein components will bind, in vitro, to human enamel. Such observations do not, however, exclude the possibility that, in vivo, bacterial enzymes may modify salivary proteins both in transit to and, subsequently, upon the tooth surface. Whether or not salivary micro-organisms do mediate in the process of pellicle formation is as yet undetermined, though our observations do indicate that they are an inseparable component of the structure. In addition there is substantial evidence that oral micro-organisms rapidly degrade salivary mucoproteins, removing sialic acid and causing the collapse and precipitation of the molecules (Leach 1965 (Leach , 1967b . Such an eventuality would not seem an unlikely fate for the salivary mucoproteins involved in pellicle formation and is in accord with the histochemical evidence of Vallotton (1944) , Turner (1958 ), McDougall (1963 and Meckel (1965) that pellicle contains mucoprotein modified by bacterial enzymic action.
The organic films which form on the interface of the teeth and their salivary environment are clearly both of biological and clinical interest and importance. They focus attention on the zone where certain post-eruptive changes may occur and where both caries and periodontal disease may be initiated.
Summary
Following eruption into the mouth, human teeth lose cuticular structures of embryological origin, and acquire surface organic films firmly attached to the enamel. Compositional analysis of this acquired pellicle structure indicated that it probably consisted of a mixture of salivary mucoprotein with bacterial cell wall material. This has been confirmed in an electron microscope study of the structure which shows lysed bacterial cells and debris embedded in an acellular organic matrix.
